Cooling technology is widely applied in modern turbines to protect the turbine blades, and extracting high-pressure cooling air from a compressor exerts a remarkable influence on the gas-turbine performance. However, the three-dimensional optimal design of a turbine in modern industrial practice is usually carried out by pursuing high component efficiency without considering possible changes in coolant requirement; hence, it may not exactly lead to improvement in the gas-turbine cycle efficiency. In this study, the turbine stator was twisted and leaned to achieve higher comprehensive efficiency, which is the cycle-based efficiency definition for a cooled turbine that considers both turbine aerodynamic performance and coolant requirement. First, the influence of twist and compound lean on turbine aerodynamic performance, considering stator-hub leakage, was investigated. Then, a method to predict the coolant requirement for turbines with different stator designs was applied, to evaluate coolant-requirement change at the design condition. The optimized turbines were finally compared to demonstrate the necessity of considering the coolant-requirement change in the optimal design. This indicated that proper twisting to open the throat area in the stator hub and compound lean to the pressure surface side could help improve the cooled-turbine comprehensive efficiency.
Introduction
Turbine inlet temperatures have been increased to improve the performance of modern gas turbines, and cooling technologies are therefore widely applied [1] . However, extracting high-pressure cooling air from the compressors also deteriorates the gas-turbine cycle efficiency, and decreasing the coolant fraction while keeping the hot component under a critical temperature is important. In the traditional three-dimensional (3D) blade redesign procedure, the turbines are always optimized for a given mass flow rate and expansion ratio to achieve higher aerodynamic efficiency, without considering the possible coolant-requirement change caused by the aerodynamic redesign [2] . Therefore, the traditional redesign method can lead to a turbine design with higher component efficiency but may not maximize the gas-turbine cycle efficiency, which is also highly influenced by the coolant fraction. Therefore, additional work is still needed to develop a turbine redesign method further, which considers both the turbine aerodynamic performance and change in the coolant requirement.
Blade twist, lean, and sweep have been implemented to control the flow in modern turbine designs, and a detailed review was presented by Denton and Xu [3] . In industrial applications, blade lean has been applied to increase the stage reaction [4] , control endwall losses [5] , and reduce tip-leakage loss [6] . Blade twist near the endwalls has been investigated to control the local pressure distribution and outlet angle, and it is interesting to find that both closing [7] and opening [8] of the blade throat near the endwalls have been proven to positively affect the turbine efficiency. Although a conflict exists between the blade-twist effects on the turbine performance, opening the throat near the endwall has been proven to reduce both loading and pressure drop across the blade near the endwall.
However, the influence of 3D blade redesign on statorhub leakage has been neglected in previous research [9, 10] , and the study by Rosic and Xu [11] demonstrated that the stator-hub leakage exerted an obvious influence on the turbine performance when the stator was leaned. Therefore, the stator-hub leakage is considered in the current research to predict the influence of blade 3D design more accurately. The aforementioned research studies demonstrated that blade 3D redesign can be a promising method to improve turbine aerodynamic efficiency further [12] . However, the possible coolant-requirement change caused by the blade redesign has been neglected.
In modern cooled turbines, a significant interaction effect between the main flow and coolant is present [13] , and a large coolant fraction exerts a significant negative influence on the gas-turbine cycle performance [14] . Therefore, both aerodynamic efficiency and coolant-requirement fraction are important criteria for evaluating the cooledturbine comprehensive performance, which influence the gas-turbine cycle performance, and should be carefully considered during the turbine design. The cycle-based comprehensive efficiency of a cooled turbine [15] was developed as a method for evaluating the optimization design of cooled turbines, which considered the influence of changes in turbine aerodynamic performance and coolant fraction on the cycle efficiency. Therefore, maximum cooled-turbine comprehensive efficiency was considered as the optimized objective in the current research to improve the cycle performance [16, 17] , and the optimized designs were compared to demonstrate the importance of considering coolant-requirement change during turbine design.
In this research, a two-stage high-pressure turbine was redesigned to evaluate the influence of blade twist and compound lean on the turbine comprehensive performance in an environment with a stator-hub leakage and a coolant-requirement change. The GE E3 high-pressure turbine [18] was selected as the baseline design. The second stator was modified with different levels of twist and compound lean, whereas the blade was twisted in different directions at the hub and tip to keep the turbine mass flow rate constant. Turbines with different stator designs were simulated using ANSYS CFX [19] and then compared to investigate the influence of the blade redesign on the turbine aerodynamic performance and stator-hub leakage. The turbine coolant-requirement change was evaluated using a coolant-prediction model that considered the bladebending force change, which directly influenced the blademetal temperature tolerance.
To analyze the combined effects of the changes in the turbine aerodynamic efficiency and coolant requirement on the gas-turbine cycle performance, the optimized turbine with the highest comprehensive efficiency and that with the highest aerodynamic efficiency were compared to demonstrate the necessity of considering the coolantrequirement change in the turbine redesign.
Methodology
Turbine optimal design method is provided in this chapter, included blade modification method, turbine perfor-mance evaluation method and coolant requirement prediction method.
Stator-Blade Geometry
In this research, the second stator of the GE E3 highpressure turbine was modified with different levels of twist and compound lean, while the other blades remained unchanged. Figure 1 shows the modified blade rotate in different direction at hub and tip, while keeping the throat area unchanged. Open the throat at stator hub and close at tip is called positive twist in this paper, and otherwise called negative twist. A blade with compound lean indicates that the blade is stacked in a non-radial manner, has its mid-span profile moves in circumferential direction, and the hub and tip are kept still. Figure 2 shows that a positive compound lean indicates that the blade leans to the pressure-surface side, whereas a negative lean is directed to the suction-surface side. Numerical studies were conducted on turbines with different stator designs, and the influence of both twist and compound lean on the turbine performance was investigated.
Turbine-Performance Evaluation
The numerical simulation method is widely applied to evaluate the turbine performance [20, 21] . The 3D steadystate numerical simulations in this research were performed using ANSYS CFX [19] . The shear stress transport turbulence model with an automatic wall function was selected, and a stage model was adopted at the interface between the rotor and stator. The total pressure and temperature were available at the turbine inlet, whereas the static pressure was available at the turbine outlet.
The computational fluid domain is shown in Figure 3 , which considered both the rotor-tip and stator-hub leakages. The leakage path of the first stator was neglected to save computation time, whereas three radial seals were installed in the second stator leakage path to represent a practical structure. A 3D structured mesh for each single-flow passage was generated for all the stators and rotors by ANSYS-TurboGrid using the H-Grid and O-Grid topologies. The grid number was determined after a grid-independent study, which resulted in the selection of 550,000 and 850,000 cells for the stator and rotor, respectively. The Y plus value for most of the blade surface was approximately one, and the maximum value was less than five.
Comprehensive Eflciency
The application of turbine-cooling technology leads to a significant interaction effect between the turbine mainstream gas and coolant flows, which makes the development of efficiency definition that represents the turbine performance more complicated. In the open literature, unmixed [22] and mixed [23] expansion efficiencies are pre-sented to evaluate the cooled-turbine performance. The main difference is in the assumption on the mixing of the mainstream gas with coolant under an ideal process. However, the abovementioned efficiency definitions mainly focus on evaluating the cooled-turbine aerodynamic performance and are insufficient for evaluating the overall effect of a cooled-turbine design on the gas-turbine cycle.
In addition to the turbine aerodynamic efficiency, turbine coolant fraction is one of the important indicators for evaluating how a cooled turbine influences the cycle performance. High-pressure cooling air is always extracted from the compressor, and the coolant fraction significantly influences the cycle performance. Therefore, the cyclebased comprehensive efficiency [15] is developed, which considers both the turbine aerodynamic performance and coolant requirement to evaluate the cooled-turbine comprehensive performance.
The comprehensive efficiency of a cooled turbine can be expressed by the following equation:
where compressor inlet total enthalpy h t1 is included to consider the work added to the coolant to obtain high pressure. More details about the comprehensive efficiency of the cooled turbine can be found in the original paper [15] , and the comprehensive efficiency is selected as the optimized objective in this study to evaluate turbines with different stator designs.
Coolant-Requirement Prediction
After evaluating the aerodynamic performance of the redesigned turbine using numerical simulation, the coolantrequirement change compared with that in the baseline design is also required to compare the comprehensive performance of the redesigned turbine. Therefore, a simplified model is developed to predict the coolant requirement of the redesigned turbine. Figure 4 shows that the allowable blade-metal temperature increases, whereas the bending stress decreases. Therefore, under the force condition of the second stator, which is determined in the CFD simulation, the bending stress of the blade is determined using a finite element method (FEM) simulation [24] . The allowable metaltemperature change can then be determined by comparison with the baseline design.
The blade-cooling efficiency is defined as follows: where Tg is the mainstream gas temperature, Tm is the blade-metal temperature, and Tc is the coolant temperature. When the blade-metal temperature changes with the allowable metal temperature, the blade-cooling efficiency also changes, which requires greater or smaller coolant fraction. The heat transfer from the mainstream to the coolant through the blade surface is shown in Figure 5 where heat convection between the fluid and metal and heat conduction through the blade occur. The blade-cooling efficiency can then be expressed using the heat-transfer process as follows: 
For the heat convection between the coolant and blade metal, when the cooling structure is kept unchanged, the relationship between the convection heat-transfer coeffi- 
Therefore, the coolant requirement for the redesigned turbine can be estimated as follows:
From Eq. (2) and Eq. (5), the coolant requirement of the redesigned turbine can be estimated based on the bladebending-stress change, which is used to evaluate the turbine comprehensive efficiency and turbine aerodynamic performance.
Results
Compared with traditional 3D optimal design, the influence of the coolant-requirement change on the cycle performance is considered in this study, and a numerical simulation is carried out in an environment with a stator-hub leakage. Therefore, the influence of the blade twist and lean on the turbine coolant requirement and stator-hub leakage is principally investigated.
Influence of the Blade Twist on the Turbine Performance
Simulations of turbines with different levels of blade twist were initially conducted, and the redesigned turbines were distinguished according to the rotation angle of the stator hub. In each design, the stator tip was rotated in the opposite direction for a certain angle to keep the mass flow rate constant. The rotating angle in each case is listed in Table 1 in which the opening and closing of the throat were defined as positive and negative twist, respectively. Numerical simulations of the abovementioned redesign cases were carried out under the conditions where the second stator-hub leakage was both considered and not considered. Figure 6 shows that both positive and negative twists deteriorated the turbine performance when the stator-hub leakage was not considered, as shown in Fig-Figure 7 : Influence of the stator twist on the pressure distribution ure 6. The results illustrated that the original design of the GE E3 high-pressure turbine already had a properly twisted stator; further twist modification would result in a negative influence on the stage match and decrease the turbine aerodynamic efficiency. For the numerical simulation that considered stator-hub leakage, the efficiency of the redesigned turbine with a positive-twist stator first increased and then decreased. This indicated that for a positive twist with a small rotation angle, the positive influence of the leakage decrease was dominant, whereas for a positive twist with a large rotation angle, the negative influence of the stage mismatch was dominant.
When the stator-hub leakage was considered in the numerical simulation, the highest efficiency case was found in the design with a positive-twist stator, and the hubleakage flow decreased with increasing positive-twist angle. The reason for these influences is discussed next. Figure 7 shows the radial-pressure distribution downstream of the second stator with different levels of blade twist. When the throat area in the stator hub was open, the blade loading at the stator hub and the pressure difference across the blade decreased, which led to a smaller leakage mass flow rate and smaller reaction at the stator hub.
In this research, the blade-bending stress was determined using the FEM simulation under the force condition determined by the CFD simulation. The coolantrequirement change was then calculated using the coolantrequirement prediction model. Figure 8 shows that the positive-twist stator could help reduce the blade-bending stress and coolant requirement. Figure 9 shows that the pitch-wise averaged yaw angle indicated that the positive-twist stator could lead to a smaller flow deflection at the blade hub and a large flow deflection at the blade tip. This result indicated that the blade loading moved from the blade hub to the blade tip, and the bending stress decreased because the stator was fixed on the casing. 
Influence of Compound Lean on the Turbine Performance
The second stator was also modified with both negative and positive compound leans, and the compound-lean stators were distinguished according to the shift distance of the mid-span profile in the circumferential direction. Positive direction was defined as a lean to the pressure surface, and negative direction was defined as a lean to the suction surface. The redesigned turbines with a compound lean, as listed in Table 2 , were analyzed in this study. Figure 10 shows that compared with the baseline design, the cases with a positive compound lean led to a higher aerodynamic efficiency and lower stator-hubleakage mass flow rate, although the change in efficiency was insignificant, which was the same as the results obtained by Rosic and Xu [11] . The positive compound lean was proven to reduce the loading at both the hub and casing and increased the loading at mid span [11] . Therefore, the pressure drop across the second stator hub and tip decreased when the stator was modified with a positive compound lean and increased when the stator was modified with a negative compound lean. Figure 11 shows that the positive-compoundlean case exhibited the highest pressure at the hub and casing and the lowest pressure at mid span, which led to a smaller hub-leakage mass flow, as shown in Figure 10 .
The blade-bending stress in the compound lean cases were also determined using the FEM simulation, and Figure 12 shows that the bending stress rapidly increased with the negative compound lean, whereas the positive com- Figure 12 : Influence of the compound lean on the bending stress and coolant requirement pound lean initially decreased the bending stress. However, further reduction of the bending stress was difficult with a larger compound lean. By considering the influence of the compound lean on both the hub leakage and bending stress, the positive compound lean appeared to be a promising method for improving the cooled-turbine comprehensive efficiency. Therefore, the second stator was modified with a blade twist and a positive compound lean, as presented in the next section, and the positive com- Figure 13 : Influence of the compound lean on the blade loading pound lean was fixed at 10 mm for the trade-off in the turbine performance and manufacturability. Figure 13 shows the blade loading of the second stator in different spans. Obviously, a positive compound lean helped reduce the loading at the tip and increased the loading at mid span. Meanwhile, the change in the blade loading at the tip was not very obvious, which means that the radial transport from the stator hub to the mid span was more significant than that from the tip to the mid span. This result helped reduce the maximum bending stress that could occur at the stator tip [26] , which was also proven by the FEM simulation.
Combined Effect of the Turbine Redesign
Considering that both positive blade twist and positive compound lean will help reduce the stator-bending stress, the redesigned turbines with twisted and leaned blade were investigated. The combination of cases 1.f and 2.f with a 5 ∘ positive twist and 10-mm positive compound lean was first investigated. The turbine performance comparison between these redesigned turbines are shown in Figure 14 , which demonstrates that case 3 further reduced the statorhub leakage and stator bending stress, whereas the aerodynamic efficiency was almost the same as that in the baseline design. The pressure distribution downstream of the second stator in case 3 was influenced by both the blade twist and compound lean, as shown in Figure 15 . The pressure at the hub was further improved because of the decrease in the load, and the pressure at the tip was almost the same as that in the baseline design because the positive twist and positive compound lean exerted opposite influence on the pressure at the tip. The stator-outlet Mach number distribution was more non-uniform in case 3 than that in the baseline design, which led to more vortex and loss downstream. Thus, the efficiency of case 3 was almost the same as that in the baseline design, whereas less leakage occurred in case 3.
To investigate the combined effect of the turbine redesign further, performance of the cases listed in Table 3 was evaluated using numerical calculation where all cases were modified with a 10-mm positive compound lean, and the positive twist varied from 0 ∘ to 7 ∘ .
The variation tendency of the efficiency and coolant fraction shown in Figure 16 was the same as that presented in Section 3.1, where the efficiency first increased with a positive-twist blade and then decreased as a result of the combined effect of the flow-field and statorhub-leakage changes. The gas-turbine cycle efficiency was influenced by both turbine aerodynamic efficiency and turbine-coolant requirement. Therefore, further work is still required to determine the best turbine design for the gas-turbine cycle.
The cycle-based comprehensive efficiency of the cooled turbine was calculated to evaluate the influence of both turbine aerodynamic performance and coolantrequirement fraction on the cycle efficiency, as shown in Figure 16 . The cycle efficiency is also shown here to illustrate the importance of considering the comprehensive efficiency as a design objective in the turbine redesign.
All the redesigned turbines exerted positive influence on the cycle performance when the influence of the coolant-requirement change was considered, even for turbines with lower aerodynamic efficiency, compared with the baseline design. This result indicated that some better turbine designs could be achieved by sacrificing the turbine aerodynamic performance for a lower coolant requirement.
The turbine with the highest aerodynamic efficiency among the aforementioned cases was case 3.b, whereas case 3.d showed the highest comprehensive efficiency. Case 3.b could be selected as the final design in the traditional optimal design depending on its aerodynamic performance. However, case 3.d exhibited better performance from the point of view of cycle efficiency. Therefore, the cycle-based comprehensive efficiency is a more reliable evaluation criterion for the cooled turbine, which was aimed at improving not only the component efficiency but also the gas-turbine cycle performance.
Conclusions
A 3D cooled-turbine optimal design that considers the possible coolant-requirement change and stator-hub leakage has been proposed in this paper. A coolant-requirement prediction model was developed to predict the coolantrequirement change due to the 3D optimal design, and the influence of the turbine-coolant-fraction change on the gas-turbine cycle performance was considered, whereas this influence was always neglected in the traditional 3D optimal design. The comprehensive efficiency of the cooled turbine was selected as the design objective to consider the influence of both turbine aerodynamic efficiency and coolant-requirement changes, and the result showed that considering the coolant-requirement change in the redesign is more reliable to realize high cycle efficiency.
Numerical simulations were performed for turbines with different levels of blade twist and compound lean, shows that both positive twist and positive compound lean on the stator helped reduce the stator hub leakage. The blade-loading redistribution also helped reduce the bladebending stress, which was proven by the FEM simulation, leading to a smaller coolant requirement.
The comparison between the redesigned turbines demonstrated that the turbine with the highest aerodynamic efficiency did not correspond to that with the highest cycle efficiency, when the influence of coolantrequirement change was considered. Meanwhile, comprehensive efficiency could help select the best turbine from the point of view of cycle efficiency, which illustrated the necessity of considering coolant-requirement change in a cooled-turbine 3D design.
Currently, wide application of the turbine inlet temperature is increasing for higher gas-turbine efficiency and cooling technology. Therefore, coolant-requirement fraction becomes one of the important criteria for evaluating the turbine comprehensive performance, in addition to the aerodynamic performance. This study has demonstrated the importance of considering coolantrequirement change in turbine 3D optimal design, and suggested the use of turbine comprehensive efficiency (instead of aerodynamic efficiency) as the design objective. The positive twist and positive compound lean of the sta- tor was proven to be reliable methods for reducing the coolant requirement, whereas a proper level of twist and lean should be further determined in a practical design by considering the performance, mechanical property, and manufacturing process.
